The high variability in physical, biological, and chemical properties in coastal waters have limited our ability to sample the appropriate timescale and space scale to resolve physical forcing of the ecosystem. To improve our understanding, a multiplatform adaptive sampling program at the Longterm Ecosystem Observatory (LEO-15) off the coast of New Jersey examined the relationship between episodic summertime upwelling and downwelling events and the corresponding dynamics in bulk phytoplankton biomass and community structure. Inherent and apparent optical properties were concurrently measured to evaluate the use of optics to improve future sampling coverage in coastal regions. Results indicate peak chlorophyll biomass tracked the maximum density gradient and that increasing surface phytoplankton biomass was associated with decreasing stratification offshore over time. Diatoms dominated the study site; however, significant shifts in cyanobacteria and dinoflagellate communities were observed. Dinoflagellate and cyanobacteria communities responded inversely to episodic events, with cyanobacteria being favored during intense downwelling. Differences in phytoplankton absorption properties significantly changed the corresponding in water inherent optical properties, allowing for characterization of the community structure from measurements of above water hyperspectral reflectance.
Discrete samples for phytoplankton pigmentation were collected from the surface (<1 m) using a 10-L Niskin bottle. Samples for pigmentation analyses were filtered onto a 47-mm GF/F filter and stored at -80°C until analyses.
Remote Sensing
Sea surface temperature was collected from the NOAA 12 and NOAA 14 advanced very high resolution radiometers (AVHRR), processed according to [Bernstein, 1982] . Up to nine passes per day were collected at the Rutgers University Institute of Marine and Coastal Sciences (IMCS), New Brunswick, NJ.
A total of 42 cloudless scenes taken between 0600 and 1000 were used in this study. Ocean color data (47 scenes) were obtained from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) by the IMCS HRPT station and processed for chlorophyll a retrieval according to Stumpf et al. [2000] .
Analytical Procedures
Samples for pigment determination were extracted for 12 hours in5 mL of 90% acetone and sonicated for 30 s. Samples were vortexed for 30 s and centrifuged at 2700 RPM for 2 min, and run through a 0.2-μ m inline filter (Osmonics). Samples were analyzed on a Hewlett Packard 1100 series HPLC equipped with a diode array spectrophotometer according to Wright and Mantoura [1997] . Pigment peaks, were identified on the basis of retention time and absorption spectra. Peak concentrations were calibrated using a dilution curve from standard pigments (DHI, Water and Environmental, Denmark). A Shimadzu ards. 2501 UV-VIS spectrophotometer was used to determine the pigment concentration of the stand Abundances of each phytoplankton group within a water sample were obtained from output of CHEMTAX, on the basis of the pigment concentrations obtained from HPLC analysis [Mackey et al., 1996] . CHEMTAX uses factor analysis and a steepest descent algorithm to find the best fit to the data based on an initial set of pigment ratios for specific taxa determined by the user. The phytoplankton taxa included in this analysis were: diatoms, dinoflagellates, cyanobacteria, cryptophytes, haptophytes (containing fucoxanthin, 19°-hexfucoxanthin, and chlorophyll-c3), prasinophytes, and chlorophytes.
While the pigment ratios can vary with light history and among particular species within specific taxonomic groupings, and influence model output, this method has been evaluated successfully with Internal consistency in the in situ fluorescence data measured from multiple instruments as well as the discrete chlorophyll a determined by HPLC are required for any discussion of biomass distributions and extrapolation to changes in the community structure. These relationships have been shown to vary significantly, especially at the surface, because of solar stimulated fluorescence [cf. Falkowski and Raven, 1997] and by the contribution to fluorescence by chlorophyll b [Trees et al., 2002] . Effects of solar quenching in this study, however, were not evident, likely because of the high attenuation of the water [Schofield et al., 2004] . Differences in the detection wavelengths of the instruments used here (685 nm for the WET Labs WETStar and 676 nm for the HOBI Labs HydroScat-6) may also introduce phytoplankton specific differences in the fluorescence signals. In this study, the proxy measures for phytoplankton biomass (in situ chlorophyll fluorescence and discrete measures of chlorophyll a) were all significantly correlated. Surface data from the in situ fluorescence measured using the WETStar (the upper 2 m of the undulating profiles) and the HydroScat-6 (profiling) fluorometers were significantly correlated (r 2 = 0.50, p < 0.01, n = 47). The correlations between discretely measured chlorophyll a and both the WETStar and the HydroScat-6 fluorometers were also significant (r 2 = 0.57, p < 0.01, n = 27 and r 2 = 0.67, p < 0.01, n = 110, respectively). Contour figures generated in this manuscript were linearly interpolated at the minimum timescale and space scale actually sampled.
Statistical Methods
Canonical Correlation Analysis (CCA) was the primary means of discerning significant relationships between physical, biological, and optical data. analogous to testing the significance of a univariate regression using a z test. CCA is a good approach for understanding dynamic relationships because it takes into account the interplay that may exist between variables, while at the same time enabling identification of those parameters that were the most significant contributors to the relationship. This is true only when parameters are standardized, achieved here by using a derived correlation matrix of the parameters for each CCA. These attributes of CCA increase our ability to accurately interpret relationships between physical, biological and optical parameters, and thereby facilitate a clearer understanding of the dynamics present in a complex system. CCA has been applied in previous studies to identify relationships, similar to those being examined in the current study, between planktonic community structure and the physical and In this study, we combine the use of CCA and GLS in four tests to understand the physical forcing of biomass and community structure, and the influence of community structure on the inherent and apparent optical properties. The first CCA was used to determine the strength and significance of the relationship between two physical variables (N 2 and max density gradient) and the bulk chlorophyll biomass signal represented by surface fluorescence and total fluorescence. The second CCA was used to calculate relationships between these two physical parameters and the phytoplankton community composition. The last two CCA tests were used to determine which wavelengths of the inherent and apparent optical properties best describe the measured community composition. Last, we evaluate the results of our CCA analysis on the apparent optical properties as a predictive tool for detection of phytoplankton community structure.
Results

Upwelling and Downwelling Regimes in the MidAtlantic Bight
The nearshore waters of the Mid-Atlantic Bight in the summer season are characterized by a two- The regional distribution of chlorophyll also showed a seasonal increase in biomass through the spring and into the summer (Figure 3b ). Phytoplankton biomass from May through August 2001 was concentrated along the coast and showed periodic increases and decreases. The frequency of these events was approximately every two weeks and increased in intensity further offshore with time.
These seasonal phytoplankton biomass dynamics were consistent with the previously described atmospherically forced upwelling/downwelling nature of this shelf region [Glenn et al., 1996 [Glenn et al., , 2004 . In the context of these regional temperature and chlorophyll patterns, this study follows two nearshore upwelling events in a predominantly downwelling condition from 12 July through 6 August 2001.
Physical and Biological Dynamics in Relation to Community Composition
The experiment was dominated by alternating upwelling and downwelling conditions driven by changes in the prevailing winds (Figure 4a With the cross-shore pycnocline depth varying on timescales of days, it is not possible to characterize the regional dynamics from single transects or stationary pro-filers. 
Phytoplankton Community Structure
In addition to quantifying phytoplankton biomass distributions, this study provided the opportunity to examine the dynamics of community structure with changes in the physical regime. The dominant phytoplankton taxa during the study were diatoms, averaging 35% and occasionally representing more than half of the biomass (Figure 7a ). There were higher concentrations of diatoms early in the sampling season and inshore, but generally there were no conspicuous shifts or trended changes in the group. Dinoflagellates averaged 20% of the phytoplankton biomass, but showed more changes than diatoms ( Figure 7b ). Early in the sampling period, dinoflagellates decreased when diatoms peaked, and by late in the experiment, beginning 27 July, dinoflagellates were almost nonexistent while diatom bio mass remained at 30% of the total. The decrease in percent of total biomass in dinoflagellates was marked with a proportional increase in cyanobacteria bimass (Figure 7c ). This prominent shift in community structure was coincident with the intense downwelling that occurred during the first two days of August (Figure 5a ). Cryptophytes averaged 10% of the total biomass and, unlike the trend in chlorophyll a, "moved" onshore with time with a slight increase during the same downwelling event that corresponded to the increase in cyanobacterica (Figure 7d ). Prasinophytes contributed <10% for most of the season and showed the opposite pattern of the haptophytes (Figure 7f ) and a similar pattern to the overall phytoplankton biomass trends (Figure 5d ). Over the study period, chlorophytes represented a background contribution of <10% (data not shown).
Coherence of Physical Variables with Phytoplankton Biomass Distributions and Community
Structure
A canonical correlation analysis (CCA) yielded a significant correlation between the two physical variables, defined by the depth of maximum N 2 and the maximum density gradient, and the phytoplankton abundance/distribution, as defined by surface fluorescence and total integrated fluorescence. Moreover, the relationship is explained in two dimensions, as both of the correlates are statistically significant (Table 1) . For the first correlate, surface fluorescence was most related to the maximum gradient. In the second correlate the total integrated fluorescence was most related to the depth of maximum stratification (Table 1) . There is a negative relationship in the first correlate between surface fluorescence and the maximum gradient, indicating increases in the phytoplankton biomass at the surface during periods of weaker stratification. Furthermore, in the second correlate the coefficients of the physical parameters have opposite signs suggesting that increases in total integrated fluorescence are related to increases in the depth of maximum stratification and decreases in the maximum gradient (Table 1 ). This result is consistent with Figure 5 , which illustrates that the total phytoplankton biomass increases during downwelling conditions where the maximum gradient is low and the depth of maximum stratification is either deep or at the bottom.
When the relationship between surface fluorescence and the two physical variables is evaluated using the univariate Generalized Least Squares regression, only the depth of maximum stratification is a significant predictor of surface fluorescence(p<<0.001, n = 1010). A CCA was used to examine the relationship between the physical variability of this coastal site and the temporal and spatial changes in phytoplankton taxa. When comparing the relative abundance of the seven phytoplankton groupings identified by CHEMTAX to the maximum density gradient and depth of maximum N 2 , significant relationships were found. A maximum of two correlates was possible because only two physical variables were included, and both correlates were determined to be statistically significant (Table 2 ). In the first correlate, cyanobacteria, dinoflagellates and diatoms contributed the most to the significance with the highest coefficients. They were negatively related to the maximum gradient indicating that as the maximum density gradient decreased, these three groups of phytoplankton increased (Table 2 ). Cryptophytes had the largest contribution to the second correlate and were negatively related to the depth of maximum N 2 . Diatoms and dinoflagellates also contributed significantly to the second correlate. These results indicate that these groups were favored during conditions characterized by a shallow weakly stratified pycnocline. Although diatoms may not be a typically dominant group in offshore waters advected onshore during downwelling events, the significance of diatoms in this analysis appears to be caused from resuspension of benthic diatoms nearshore, when there was little or no density gradient (Figure 7a ). This interpretation is supported by observations of benthic diatom mats frequently covering the bottom during the summer months (J.
Dobarro, unpublished data, 2000) and microscopic observations of near-shore samples taken at the profiling mooring (Figure 1 ), which showed a presence of raphid pennate diatoms. Consistent with CCA results, which suggest dinoflagellates were favored during weak stratification and shallow maximum N 2 depths, dinoflagellates showed a marked increase corresponding to the relaxation of the downwelling conditions from 23 to 27 July. On 29 July, dinoflagellates show a dramatic decrease to less than 10% of the phytoplankton biomass corresponding to the start of the second period of intense downwelling ( Figure 7b ). The period of intense downwelling, when cyanobacteria dominated and dinoflagellates were nearly nonexistent, was the primary driver of the negative relationship between dinoflagellates and depth of maximum N 2 and would be consistent with other periods during the experiment when weaker downwelling conditions were associated with increased dinoflagellate biomass (Figure 7b ).
Phytoplankton Community Structure and Optical Variability
The surface biomass patterns corresponded well with the changes in the spectral absorption and attenuation (Figures 5d and 8 The relationships between community dynamics and optical signatures were evaluated by comparing absorption and attenuation to the community biomass structure, obtained by multiplying percent community abundance with the measured chlorophyll a concentrations. The CCA between absorption and community structure identified the first four correlates as significant (Table3and Figure 9a) . In the first correlate, the four predominant phytoplankton groups during the season (diatoms, dinoflagellates, cyanobacteria, and cryptophytes) were the most significant contributors to the correlation. Of the eight absorption wavelengths only absorption at 676 nm was identified as a significant contributor to the correlation, suggesting that the first correlation primarily describes the relationship between absorption and phytoplankton biomass. This is further supported by the coefficients of the four phytoplankton taxa, which were positively related to the coefficient of absorption at 676 nm (Table 3 ). In the second correlate, the most abundant phytoplankton group, diatoms, are not significant. Cyanobacteria, along with dinoflagellates, haptophytes, and chlorophytes were identified as the significant contributors. Consistent with this contribution of less abundant taxa is the presence of highly significant absorption wavelengths at 412, 440, and 510 nm as well as 676 nm (Table 3) . These additional taxa and wavelengths suggest that not only will changes in overall biomass be evident in the optical signature, but also that shifts in the community structure are significantly related to changes in the optical signature. Cyanobacteria were the most significant to the second correlate and their increased contribution to the community absorption likely added significance in the blue. Although peak absorption for phycobiliproteins is greater than 550 nm [Rowan, 1984] , the significance at 510 nm may result from the combination and contribution of the carotenoid pigments from the other taxa. In the third correlate, 676 nm was the only significant wavelength identified, suggesting again a relationship between absorption and overall biomass. Only half of the variance of the relationship between absorption and phytoplankton community structure was described by the fourth correlate (Table 3 ).
The first four correlates were again significant when comparing attenuation with community abundance (Table 4 and Figure 9b ). As with the first and third correlates comparing absorption (Table   3 ), attenuation at 676 nm was significant in all four of the correlates, reflecting the importance of changes in overall phytoplankton biomass (Table 5) . This is further supported by the results, which identified only red and blue wavelengths as significant contributors to each of the four correlations.
Additionally, in the first correlate, two of three phytoplankton taxa identified as significant contributors were diatoms and cyanobacteria, which were the two most dominant phytoplankton taxa during more than half of the study. The significant relationships between phytoplankton community abundance and IOPs further suggest the abundance of phytoplankton taxa would be related to the above water reflectance ratio of incident surface irradiance (E s ) to upwelling radiance (L sfc ).
Reflectance (R; L sfc /E s ) data were compared to phytoplankton community abundance using CCA and the two were highly correlated (Figure 10 ). These analyses showed significance in the first four correlates ( Figure 11 ). All phytoplankton classes contributed significantly to the relationship described in the first correlate, while only 5 of the 46 wavelengths included in the CCA were significant (Figure 11a ). Of the 5 wavelengths, 3 were located in the blue portion of the reflectance spectrum (409.9, 458.8, and 474.5 nm) and one in the red, near maximum chlorophyll a absorption, at 660.2 nm.
The fifth wavelength corresponded to the wavelength of maximal reflectance at 568.9 nm (Figure 11a ).
There was a negative relationship between the two most dominant taxa, diatoms and dinoflagellates, and R at 660.2 nm and a negative relationship between cyanobacteria and the peak reflectance wavelength of 568.9 nm. In the second correlate, haptophytes and cryptophytes were no longer significant contributors, and thirteen wavelengths were identified as significant, only one of these wavelengths overlapped with the significant wavelengths in the first correlate. Diatoms, dinoflagellates, and cyanobacteria were negatively related to R in the blue and red (Figure 11b ). All phytoplankton groups except for dinoflagellates and haptophytes were significant contributors to the third correlate and eight wavelengths ranging from blue to red were identified as significant contributors to the correlation, of eight wavelengths identified in the third correlate as significant contributors, none of them overlapped with those wavelengths identified in the first correlate.
Common wavelengths between the second and third correlates occurred at 450.5, 514.2, and 682.5 nm. As in the first correlate, all of the phytoplankton groups in the fourth correlate were significant (Figures 11c and 11d) . Of the eleven significant wavelengths in the fourth correlate, two overlapped with the first correlate (474.5 and 660.2 nm) and two with the third (514.2 and 667.6 nm). The additional significant wavelengths in the second, third, and fourth correlates and the falling out of dominant taxa as significant contributors in the second and third correlates (Figure 11 ), indicate that these correlates not only reflect the relationship between bulk phytoplankton biomass and R but also the relationship between less dominant taxa and more subtle spectral shifts in the R measurement.
Predicting Phytoplankton Community Structure with Apparent Optical Properties
Given that all phytoplankton taxa were determined to be significant contributors to the correlation between reflectance (R) and phytoplankton community, a multilinear model was developed to predict phytoplankton community abundance from R. Coefficients for the model were generated using a random 75% of the data and cross validated with the remaining 25%. The model was developed with the successive addition of the significant wavelengths from each of the four correlates. The inclusion of all 25 wavelengths identified in the CCA resulted in the best prediction of phytoplankton community abundance (Table 5) .With the exception of diatoms, the model was able to significantly predict each of the other six phytoplankton taxa (Table 5 , p < 0.01).
Discussion
The Phytoplankton community structure within a water mass has been shown to change rapidly in response to water column stabilization [Moline, 1998 ], differential nutrient availability [Pinckney et al., 1999 [Pinckney et al., , 1998 ], light quality/quantity [Prézelin et al., 1989; Schofield et al., 1993 Schofield et al., , 1991 and selective grazing [Kopczynska, 1992] . Variations in phytoplankton communities can differentially influence primary productivity, nutrient utilization [Moline et al., 2002] , and trophic ecology of a region (i.e., harmful algal blooms). Mapping phytoplankton community structure has been problematic as it is difficult to sample a specific water mass over a sufficient area long enough to detect change. Recent work has shown that nearshore upwelling along the Mid-Atlantic Bight does not necessarily follow the traditional model of a two dimensional system, adding complexity to identifying the sources of water masses. Chant et al. [2004] show that the replacement of surface water does not simply originate from cross-shore flow and that topographically mediated alongshore jets often supply the upwelling centers from the north. Examination of the temperature-salinity (T-S) data from the cross-shore transects showed that two separate water masses dominated under stratified conditions, cold saline bottom water, and warm surface water(~1 ppt less saline; data not shown). Over the course of the 2 -3 upwelling/downwelling cycles during the experiment, the T-S signature of the surface waters did not change. The T-S signatures from the bottom water, however, indicated there was a different water mass after 23 July (slightly warmer and ~0.5 more saline) that was maintained until the end of the experiment. As the analysis was focused on the surface water communities and the period after 23 July was dominated by down-welling conditions, the impact on these results was most likely minimal. An indirect effect of this could have been an altered nutrient regime at the pycnocline, which has been shown to impact physiology and be responsible for an additional 25% increase productivity [Ruardij et al., 1997] .
During the course of this experiment, physiological changes in the autotrophic community were detected, as indicated by the fluorescence yield (the ratio of fluorescence to absorption at 676 nm).
This ratio is a rough proxy of the photosynthetic efficiency of the autotrophic biomass when Resuspension may explain the temporal trends in less abundant taxa over time, with decreasing haptophyte concentrations and increasing prasinophytes concentrations.
Haptophytes are predominately water column cells [Lee, 1999] , while prasinophytes have a significant number of benthic nonmotile marine species [Graham and Wilcox, 2000] . Although results here imply that more work in this area is needed, from an ecological perspective, the simple application of traditional deterministic models of phytoplankton succession and dominance [Margalef, 1978] might not directly apply in these shallow environments. In fact, the CCA analysis indicated that dominant taxa were responding to the physical environment similarly, with the coefficients for the taxa having the same signs ( Table 2 ). The maintenance and consistency of diatoms at 30-50% of the total biomass during the rapid changes in physical dynamics over the study is also suggestive of more than a single selection mechanism. Although different in location and scope, results parallel those found by Li [2002] , who documented stability in one group of phytoplankton, while two others were apparently responding in the classical sense to resource limitation and the intensity of water column stratification.
The changes in phytoplankton biomass and community structure were significantly correlated to in water spectral absorption and attenuation over the course of this study. The significance was primarily evident in the blue and red wavelengths representing the fluctuating contributions of chlorophylls and carotenoids of each taxonomic group (Tables 3   and 4 ). Biomass fluctuations appeared to drive the variability in absorption for both the dominant (Table 3 , first correlate) and less dominant taxa (Table 3 , third correlate). The second correlate showed more significance in the blue, with cyanobacteria being the most significant taxa. This is consistent with cyanobacteria having a higher blue to red absorption ratio. In a separate CCA (data not shown), cyanobacteria were identified as the most significant phytoplankton group when compared with spectral absorption ratios (relative to 555 nm), illustrating the relationship of the green wavelengths to the dominant phycobilincontaining taxa. This is important as it demonstrates the use of spectral ratios as a means of optically detecting phycobilin-containing taxa from non-phycobilin-containing taxa. The apparent negative correlation between cyanobacteria and absorption in the red, blue, and green wavelengths of the second correlate is likely a reflection of the dynamics from 12 to 29
July where the contribution of cyanobacteria was almost always less than 12% and diatoms and dinoflagellates were predominately greater than 25 and 20%, respectively.
Cyanobacteria were also found to be significant in the first correlate when compared with attenuation.
The significance at 440 nm supports the notion of the enhanced blue to red absorption ratio. The differences in the CCA results between absorption and attenuation are consistent with observations that the scattering cross section for chlorophyll is relatively flat and that scattering is fourfold greater than absorption, thus minimizing the strength of the correlates. However, for cyanobacteria, which scatter light efficiently at blue wavelengths and reduced scattering at red wavelengths, the results in the first correlate are consistent with phytoplankton size. It is apparent that variations in taxa are related to attenuation, specifically in the red and blue regions of the spectra. However, because of the multivariate nature of the relationships described by CCA direct interpretation of causality can be difficult, particularly as the number of significant parameters increases. In addition to the significant relationship in water, phytoplankton taxa were also significantly correlated to the hyperspectral above water measurements. Because these relationships refer to reflectance, the nature of the direct correlation between R and phytoplankton is that of an inverse relationship. Though because of the large number of phytoplankton taxa and wavelengths identified as significant contributors especially in the second, third, and fourth correlates it is difficult to make direct interpretations about specific taxa and wavelengths. In light of this, Figures 11a-11d suggest that R dynamics are indicative of changes in overall biomass, this is evident in the negative correlation between diatoms (the most predominant and least dynamic taxa during the study) and wavelengths in the blue and red portion of the spectrum in each of the four correlates. Cyanobacteria were also identified as significant contributors in all four correlates and consistently showed a negative relationship with wavelengths in the region of maximal reflectance, suggesting the influence of phycobilins on the R signal. Using the R from above water measurements, 25 wavelengths were found to be significant. These wavelengths correspond to areas where there are significant differences in the absorption (particularly in the blue and red wavelengths) of chlorophylls, carotenoids and phycobilins [Antonov, 1997a [Antonov, , 1997b [Stephens et al., 2003] . Further extension of these results in a multiple linear model show that these wavelengths may be used as predictors for phytoplankton community structure. The lack of predictability for diatoms was to be expected given their relatively uniform distribution in time and space and that the intrinsic predictive ability of the model was based on the variability of the community structure during the experiment.
Reflected in their association with the highest estimate of r 2 = 0.70, cyanobacteria were predicted with the most confidence by R. This is likely due to their high variability during the study relative to the other taxonomic groups and that phycobilin-containing protein complexes have unique spectral characteristics. Interestingly R at 514.2 nm was the most common significant wavelength, being identified as a significant contributor in three of the four correlates and is most likely where the spectral variance of phycobiliproteins would be detected given the dynamics documented in this study. The period of the highest contribution of cyanobacteria and the largest community shift occurred during the intense downwelling period beginning on 27 July (Figure 7 ). This period was also characterized by a marked decrease in the spectral absorption (Figure 8a ), which influenced the R and contributed to the strength of the model. Additionally, it is interesting and perhaps encouraging that despite potential influences varying sky reflectance of surface roughness, reflectance anomalies, and irradiances on the above-water measurements of R during the study, reflectance had significant power in predicting the different phytoplankton groups. Although these are preliminary results derived from limited variability in space and time, collectively they may represent a significant step forward with regard to the application of optics and hyperspectral remote sensing reflectance as means to discriminate phytoplankton community structure and dynamics in coastal environments. 
